In order to determine the boron isotopic fractionation factor between boron adsorbed onto kaolin clay and boron in solution (S), as a first attempt, a break-through column chromatography at a high pressure (12.0 MPa) was performed. A boric acid standard solution (9.25 mmol/l, NIST SRM 951) was fed into a stainless steel column packed with boron-free kaolin clay with the flow rate of 0.8 ml/h. The S value obtained at 293 K was 1.0023, indicating that the lighter isotope ( 10 B) was preferentially enriched into the clay. The magnitude of the S was apparently smaller than the previously reported values obtained by the batch method with seawater boron at atmospheric pressure. Besides the effect of pH and the influence of coexisting ions that would lead to a larger S value, as an aspect, dependence of pressure on the boron isotopic fractionation was a possible candidate reducing the S value. Assuming an occurrence of the molecular volume isotope effect (MVIE) on boron species, the S value would decrease with increasing pressure.
INTRODUCTION
Boron (B) isotopic composition (d 11 B: the per-mil deviation from NIST SRM 951 boric acid) is rather constant in seawater about +40‰. However, large deviations have occurred due to boron isotope fractionations accompanying boron migrating from sea sediments to pore water (i.e., Brumsack and Zuleger, 1992) and boron uptaken by sea sediments from seawater Ishikawa and Nakamura, 1993) . In order to estimate the boron isotope flux between earth surface and its interior, it is fundamental to know the magnitude of boron isotopic fractionation between the solution and the clay.
A few experimental studies of boron isotopic fractionation have been performed by single-stage separation experiments employing so-called the batch method (Table 1) in order to simulate the natural mechanisms of the mineral precipitation and clay adsorption (Schwarcz et al., 1969; Palmer et al., 1987; Spivack et al., 1987; Oi showed that the clay was mainly kaolinite and contained illite and montmorinite as miner compounds. To make sure the absence on the clay with respect to boron content, we rinsed it twice with 1 mol/l HCl solution (5 g/20 ml). The trace amount of boron of the clay was desorbed out through this treatment.
High-pressure column chromatography
The breached clay was packed in stainless steel column (SUS-252, 250-mm-long and 7-mm inner diameter). The column temperature was kept constant at 293.0 ± 0.2 K during the experiment by circulating thermo-statted water trough the water jacket. The height of the adsorbent bed was 80 mm. The column packed with the kaolin clay absorbent had filters (pore size: 2 mm) at the inlet and at the outlet. The column was connected to a highpressure pump with non-pulse flow system (Nihon Seimitsu Kagaku, Model NP-DX-20) via the stainless steel pipeline (SUS-252, 1/16 inch diameter). A high pressure gauge was set between the column and the pump. For the boron feed solution, 9.25 mmol/l boric acid solution was prepared and stored in a 1000 ml polypropylene bottle. The boric acid used in this study was a standard material (NIST SRM 951), and its B isotopic ratio ( 11 B/ 10 B) was reported as 4.0436 (Catanzzaro et al., 1971) . The feed solution was introduced into the column by the assistance of the high pressure pump and its flow rate was kept constant at 0.8 ml/h at pressure of 12.0 MPa. The effluent coming out of the column was fractionally collected in polypropylene testing tubes. The volume of each fraction was 0.8 ml. The total volume of the effluent collected was 34 ml. The boron contents of all the fractions and the boron isotopic ratios of the selected fractions were determined.
Analyses on boron content
The boron content of each fraction of the effluent was determined with an inductively coupled plasma-atomic emission spectrometer (ICP-AES, Seiko 1500) of Tokyo Institute of Technology. Wavelength used for the B analysis was 208.959 nm. Total analytical errors of this method were 1% and the detection limit was 10 ppb.
Boron isotope analysis
The boron isotope ratio ( 11 B/ 10 B) in each fraction of the effluent was measured with the thermal ionization mass-spectrometer (TIMS, Varian Mat CH-5) of Tokyo Institute of Technology. The ratio was obtained as a peakheight ratio between Na 2 10 BO 2 + (m/e = 88) and Na 2 11 BO 2 + (m/e = 89). The standard boric acid (NBS SRM 951) of the known 11 B/ 10 B value was regularly processed in order to check the accuracy of the analysis. Total analytical errors of this analysis were normally better than ±0.2% (Nomura et al., 1973) .
RESULTS
The analytical results are summarized in Table 2 and Fig. 1 . As for the boron concentration, boron was not contained in the first 3.0 ml of the effluent. Between 3 and 20 ml of the effluent, the B concentration gradually increased from 0 to nearly 9.2 mmol/l, and after 20 ml, the Schwarcz et al. (1969) , 2) Palmer et al. (1987) , 3) Spivack et al. (1987). concentration stayed constant at around 9.1 mmol/l. The B elution curve indicated that B was gradually adsorbed into the clay. As for the 10 B molar fraction, the lowest value of 0.1942 was observed in the breakthrough-point fraction, and it increased and approached asymptotically to the value in the feed solution with increasing volume of the effluent. After around 8 ml of the effluent volume, it became steady at 0.197 ( 10 B molar fraction of the feed solution) within experimental errors. The B isotope accumulation curve showed that the 10 B was preferentially incorporated into the clay. Flat part of the curves on the boron concentration and 10 B molar fraction implied that the B adsorption and B isotope exchange reaction were steady between B in the clay and the B in the solution phase.
In order to evaluate the magnitude of the boron isotope effect in this study, the boron isotope fractionation factor of the single-stage separation, S, for the 11 B/ 10 B isotope pair, was calculated. The quantity, S, is defined as Number Volume (ml Kakihana and Kanzaki (1969) : where R 0 is the 10 B isotopic molar fraction in the feed solution, R i is that in the i-th fraction of the effluent, m i (mol) is the amount of the boron in the i-th fraction, Q is the total exchange capacity of the kaolin clay bed, and the summation was taken over all the fractions where isotope fractionation occurs from i = 5 to 9 in the present study.
The Q value was determined by using Eq. (3), which is
In Eq. (3), V eff is the total volume of the boron-free effluent coming out of the chromatograhpic column, v is the volume of pore solution in the adsorbent, v¢ is the total volume of the solution in the tube connecting between the column and the feed solution via the high pressure pump, v i is the volume of the i-th fraction of effluent containing boron, M is the boron concentration of the original feed solution, m i is the boron concentration of the i-th fraction. In this study, V eff = 3.21 ml, v = 1.025 ml, and v¢ = 0. The quantity v was calculated by using the innerdiameter of the column (7 mm) and the height of the adsorbent bed (80 mm). We assumed at most one third of theoretical adsorbent volume under the atmospheric pressure and room temperature was the volume of the pore water. The quantity v¢ was negligible in this study, because the boron solution was at first filled on top of the adsorbent before the high pressure feeding was started. In this study, Q = 5.7 ¥ 10 -5 mol. By definition, the S is larger than unity (e π 0) when 10 B is preferentially fractionated into the clay phase. The e is defined as the magnitude of the deviation of the S value from unity, showing that of the B isotope fractionation effect under the experimental conditions given. Further descriptions of the general theory of ionexchange chromatographic process and theory of isotope separation by displacement chromatography are referred in Oi (1989, 1991) .
showing that no isotope fractionation occurred. In this study, the S value calculated by Eq. (2) was 1.0023 at 293 K. The S is larger than unity, meaning that the lighter isotope, 10 B, tends to be enriched into the clay phase while the heavier isotope, 11 B, tend to remain in the liquid phase.
DISCUSSION
The S value obtained in this study (1.0023 at 293K) was much smaller than previously reported data (Table  1) , i.e., 1.028 (seawater-illite) (Schwarcz et al., 1969) , 1.024-1.033 (seawater-mixed sediments) , and 1.026-1.028 (seawater-mixed sediments) , although the direction of the isotope enrichment was the same. Comparing to the other studies, our study employed chromatographic experiments at lower pH with simple boric acid solution at the higher pressure, instead of batch experiments at higher pH with co-existents such as anions and cations at the atmospheric pressure. The different experimental conditions may cause the apparently very low boron isotope fractionation.
Molar fraction of boron compounds adsorbed onto clay phase
This study used a 9.25 mmol/l boric acid solution as the feed solution. Under this circumstance, boron simply exists in the form of trigonally coordinated structure, B(OH) 3 , in aqueous phase. In the kaoline clay phase, the adsorbed boron may be present partly in the form of tetrahedrally coordinated structure, B(OH) 4 -, and partly in the form of B(OH) 3 Brockamp, 1973) with some of their OH-groups being replaced by oxygen atoms. Based on a theory on the isotope distribution between two phases (Kakihana and Aida, 1973) , which correlates the S with the 11 B-to-10 B isotopic reduced partition function ratios (RPFR's) (Bigeleisen and Mayer, 1947) and molar fractions of the boron species existing in the two phases, the S can be expressed in the present case as ln ln ln ln / , where f B3 and f B4 are the RPFR of B(OH) 3 and that of B(OH) 4 -with neglecting the symmetry numbers, respectively and x B3 is the molar fraction of B(OH) 3 in the clay phase. In the derivation of Eq. (4), we assume that the f B3 and f B4 values would be the same in the two phases. The quantity, f B3 /f B4 , in Eq. (4) The values of f B3 and f B4 have already been evaluated at several temperatures (Kakihana et al., 1977) , by using the spectroscopic vibrational data on B(OH) 3 and B(OH) 4 -. For instance, the K values at 273 K have been 1.019 (Kakihana et al., 1977) obtained by the normal coordinate analysis and 1.026 (Oi, 2000) by the ab initio Molecular Orbital calculation. Since the K values are greater than unity, Eq. (6) becomes a monotonously decreasing function of x B3 value between x B3 = 0 and x B3 = 1. S = K, x B3 = 0, and when S = 1, x B3 = 1. The S value in this study is greater than unity, meaning that the 11 B/ 10 B ratio of the clay phase becomes smaller than that of the solution phase. Thus, the present experimental result is in qualitative agreement with what is expected by the theory of isotope effects (Bigeleisen and Mayer, 1947; Kakihana and Aida, 1973) .
Assuming that K = 1.019, then we will obtain x B3 = 0.88, meaning that 88% of boron in the clay phase is trigonally coordinated while 12% of boron is tetrahedrally coordinated. This is inconsistent with the results of the batch experiments (Schwarcz et al., 1969; Palmer et al., 1987; Spivack et al., 1987) indicating that the boron species dominating in the solid phase is tetrahedrally coordinated boron (B(OH) 4 -). The high pressure adopted in this work may account for the discrepancy.
The pH effect to the fractionation factor
Fundamental studies on boron isotope separation by anion exchange chromatography have shown that a feed solution at a low pH that would lead to a larger separation factor (S), implying that the molar fraction of B(OH) 3 species in the solution phase has been larger for the boric acid solution at the lower pH (Kakihana et al., 1977) . The trigonally coordinated B(OH) 3 transforms to the tetrahedrally coordinated B(OH) 4 -when boron solution at a lower pH adsorbs on the adsorbent. This transformation costs a greater degree of the isotopic fractionation than the simple transfer of the already tetrahedrally coordinated B(OH) 4 -from solution to adsorbent. The S values reported (Table 1) were performed at the pH = 6. 65-8.45 , where molar fraction of B(OH) 3 was nearly 50%, expecting that thus S value should be smaller than that obtained by the study at the lower pH value. However, the S value in this study at the lower pH (=5) showed smaller than that at the higher pH (Table 1) . Above all, the smaller S value in this study is not likely explainable by the pH effect to the boron isotope fractionation.
Effect of ce-existents
In the previous studies (Table 1) , Spivack et al. (1987) and Palmer et al. (1987) employed natural seawater, while Schwarcz et al. (1969) used boron-spiked synthetic seawater, which was prepared by mixing dry sea-salt with distilled water to obtain normal seawater concentration and added excess boric acid to bring the B concentration to 100 ppm. Although the synthetic seawater contained more than 20 times the boron concentration of natural seawater, the S values obtained in both seawaters were nearly same. As far as the batch method was concerned, effect of coexistents to the S value was negligible. Palmer et al. (1987) , indicating that boron solution at higher pH increases the K d . In our study, under the absence of coexistents such as chlorides, boron is the solo anion possessing the anion-exchangeable sites of the clay, giving maximum value of the K d at ambient pH. However, since the pH of the boron solution in this study was nearly five, and then the f B OH ( ) -4 was close to zero, consequently, the K d would become smaller when the S value was larger. This conclusion does not satisfy our result; the S value obtained at lower pH was smaller than that at higher pH (Table 1 ). In conclusion, the effect of coexistents to the boron isotopic, fractionation factor should be ruled out.
Pressure effect to the boron isotopic fractionation factor
As an alternative aspect to explain the difference in the isotopic fractionation factors between reported values and the value observed in this study, pressure effect on the fractionation was discussed.
Dependence of pressure on isotopic fractionation at equilibrated exchange reaction has been justified by the Born-Oppenheimer approximation with neglecting the different isotopic molar volume of the same compounds. However, as Horita et al. (2002) pointed out in their recent paper, pressure effects on isotopic molecules are related to the difference between the molar volumes of different isotopic molecules. This so-called molar volume isotope effect (MVIE) is well understood in terms of isotope effects on vibrational amplitude (Jancso et al., 1993) . Clayton et al. (1975) and Polyakov (1998) derived Eq. (7) from the Gibbs Energy function, and related reduced partition function ratio (b-factor) with respect to pressure of a molecule in interest.
where b-factor is equivalent to the reduced partition function ratio defined by Bigelisen and Mayer (1947) , DV is the difference in molar volume between isotopic molar species at a given temperature (T) and pressure (P), n is mole, and R is the gas constant. (Jancso et al., 1993) . 
Equations (8) and (9) We assume that the isotopic fractionation factor obtained in this study (lnS) is composed of an isotopic fractionation factor at atmospheric pressure (lnS atm ) and the pressure dependent isotope effect relating to the MVIE (lnS P ):
The second term of the right-hand-side of the Eq. (10) Combining with Eq. (7), Eq. (11) is rewritten in Eq. (12).
Here, from assumption, DV B3 < 0 and DV B4 < 0. In case of DV B3 > DV B4 , although none of exact data of both DV B3 and DV B4 is available, as (DV B4 -DV B3 ) becomes negative, the lnS P decrease with increase pressure. Therefore, in Eq. (10), lnS decreases with increasing pressure. This fact implies that pressure effect reduces the boron isotope fractionation factor, and boron adsorbs on clay as the form of B(OH) 4 -, instead of the B(OH) 3 . Anyhow, in order to better quantify boron isotope effects between the clay and the aqueous phases, more experiments are certainly required.
CONCLUSIONS
The boron isotopic fractionation between kaolin clay and boron bearing solution (S) was measured by the breakthrough column chromatographic technique at a high pressures (12.0 MPa), as the first attempt. A boric acid solution (9.25 mmol/l) was fed into the stainless column with floe rate of 0.8 ml/h. The S value obtained by this study was 1.0023 at 293 K, showing that the lighter isotope of boron, 10 B, tends to be enriched into the clay. The S value obtained by this technique was apparently smaller than previously reported values by the batch method with seawater boron at atmospheric pressure (Schwarcz et al., 1969; Palmer et al., 1987; Spivack et al., 1987) . By our estimation, 88% of boron in the clay phase was trigonally coordinated, that was inconsistent with the results of the batch experiments indicating that boron in clay was tetrahedrally coordinated. Excluding the effect of pH and influence of the coexistent ions that would lead to a larger S value, as an aspect, effect of pressure to the factor was theoretically demonstrated to explain the smaller S value. Although more extensive studies are certainly required, if we assume an occurrence of molecular volume isotope effect (MVIE) on boron species such as B(OH) 3 and B(OH) 4 -, the S value would decrease with increasing pressure.
